SUMMARY. Fluorine, chlorine, zinc, niobium, zirconium, yttrium, and rubidium have been determined on fifteen obsidians from Eburru volcano (Kenya Rift Valley), spanning the range from pantelleritic trachyte to pantellerite. All pairs of elements show positive correlation coefficients, ranging between o'769 and 0"998, but with most values better than o'9oo. In spite of some very high correlations, only two of the twenty-one best-fit lines pass near the origin of the Cartesian coordinates. Linear distributions are found within two separate groups of elements: F, Zr, Rb; and C1, Nb, Yt. Zn behaves in general as a member of the second group but seems to be subject to an additional variation. When an element from the fluorine group is plotted against one from the chlorine group the resulting pattern is non-linear. Therefore, although the elements in both groups would generally be considered 'residual' (partition coefficients between crystals and liquid approaching zero) there are clearly detectable differences in their variation, and hence their behaviour.
IN recent years we have compiled all the available data on oversaturated peralkaline obsidians (Macdonald and Bailey, I973) and set in train an analytical programme on all new samples that we have been able to obtain. Our own field sampling has been focused on the Nakuru-Naivasha region of Kenya, the topographic culmination of the East African rift, where there is an unparalleled development of Quaternary-Recent peralkaline volcanoes. In the trachyte to pantellerite composition range it had been demonstrated previously that the obsidians from different volcanoes showed systematic variations in major-element chemistry, but these variations were not consistent with 9 Copyright the Mineralogical Society. od a fractional-crystallization model involving the observed phenocryst phases (Macdonald et al., 197o) . The best development of pantellerite magmatism is found in the Eburru volcano (Sutherland, ~970 just north-west of Lake Naivasha. Trace-element analyses of some of Sutherland's samples by Weaver et al. (I972) were used (with data from five other volcanoes) to argue that the relationships between trachytes and pantellerites are most reasonably explained by fractional crystallization. Subsequent examination has revealed, however, that the 'Eburru' specimens used by Weaver et al. were a mixed population (Bailey et aL, I975) . Since I97o we have collected and analysed obsidians from Eburru, which span the composition range from quartz-trachyte to pantellerite, and the major-element variation within this one volcanic pile cannot be explained by fractional crystallization of the phenocryst phases. The major-element evidence on quenched liquids is thus in direct conflict with the conclusions reached through the trace elements by Weaver et al. (i972) . Trace-element analyses of our own Eburru samples form part of the long-term study of peralkaline obsidians, and they are now sufficiently far advanced to demonstrate that fractional crystallization cannot explain the variations. This demonstration, however, is only a subsidiary aim of the present article--our chief concern is to describe some unexpected relationships (especially involving halogens) which may provide some real clues to the secrets of this magmatism.
We shall look at a small group of trace elements (F, C1, Zn, Nb, Zr, Yt, and Rb), which includes the two (Nb and Zr) considered most significant by Weaver et al. (I972) . Our population is fifteen obsidians from quartz-trachyte to rhyolite: we are unable to include any basalts because we are restricting our study to glasses (quenched liquids). Actually, there are no contemporaneous basalts in the Eburru pile, although there is a Recent basalt field in the lowlands just to the north. We believe it would be begging the question to include these basalts with the Eburru magmatism until we have evidence other than geographic proximity to indicate that the two may be cogenetic (this problem is currently being studied by A. W. H. Bowhill, University of Reading: see also Bailey et al., I975, fig. I ). Correlations among the selected trace elements are moderately to strongly positive, whereas their correlations with major elements are generally poor. Although the major element ranges in the population are small (e.g. SiO2 range from 66.2 to 72"o per cent) the trace element ranges are large (e.g. Zr range from Io38 to 3o58 ppm). Samples with essentially identical majorelement chemistry show widely different trace-element levels, and the impossibility of reconciling these facts with simple fractional crystallization has been noted elsewhere (Bailey, I973).
Trace-element relations. The limits, means, and concentration factors are listed in Table I . Trace-element values, sample points, rock names, and age relations are given in the Appendix.
The absence of basic rocks, with very low levels of the selected trace elements, is not a serious drawback to correlation analysis because in the case of the strongly concentrated elements, F, Zr, and Rb, the obsidian values span two-thirds of the possible range from the maximum observed down to zero. The results of the correlation analysis are given in matrix form in Table II. 
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Implications of the trace-element distributions
The central tenet of the trace-element argument with respect to magma evolution, as propounded by Weaver et al. (I972) , is that in a series of peralkaline liquids certain elements will be unable to enter the crystallizing phases, and will become progressively concentrated in the residual liquids. This assumes that the liquids are related by a process dominated by crystal ~ liquid interactions: we would claim that this itself needs to be proven, but for the moment let us examine the rest of the case. Zr is chosen as the prime example of a residual element because of: its high solubility in peralkaline melts (and insolubility in the major crystalline phases); its impassiveness to late-stage 'volatile effects'; and its abundance and high-precision determination by XRF (Weaver et al., I972) . Consequently Zr is claimed to be a more useful index of differentiation than the more commonly used major-element indices. More assumptions are, of course, compounded in this claim. In the case of the Eburru rocks we cannot reconcile the claim with the major-element patterns (Bailey, 1973) and, moreover, we now cannot find support for it in our trace-element data.
Weaver et The correlation of Rb with Zr, however, destroys the primacy of Zr as a residual element. The line misses the origin, making a positive intercept on Zr when Rb runs to zero. If this distribution is generated by crystal ~-liquid relations in a closed system then Zr must be fractionated (at a constant distribution coefficient) in the solid phases throughout the lava series. If Zr is held to have a distribution coefficient close to zero then the system must be open to Rb. Because, if the data are fitted to a fiactionalcrystallization model, then Rb increases in the residual liquids at a greater rate than Zr: if a fractional-melting model is adopted then the level of Rb must fall faster than Zr as the liquid volume increases. Either way, Rb has to move in or out of the system if Zr is behaving as a residual element. The same deduction, but without the precision, could have been made from the concentration factors in Table I .
In fact, the covariance of Rb and Zr shown in this range of obsidians is even more dramatic, because if the liquids were generated by fractional crystallization about two-thirds of the separating crystals would have to be alkali feldspar (based on normative ab+or in the trachytes) and the partition coefficient for Rb between alkali feldspar and liquid must be greater than zero. Relevant partition coefficients are available from Noble and Hedge 097 o) for alkali feldspar phenocrysts and glassy matrices from peralkaline volcanics. fig. I , reveals a high positive intercept of the computed line on the C1 axis. This has the same implications for fractional crystallization as the Nb v. Yt array. It should be noted that if a fractional-melting evolution model is applied to these data, and Nb is taken to have a distribution coefficient of zero, then the system must be open to the ingress of Yt and C1.
Yt v. C1 gives a similar pattern to Nb v. C1 but the line runs through the origin (within the 95 % confidence band).
Non-linear patterns, and covariance with fluorine and chlorine. Examination of the correlation matrix (Table II) shows that in addition to the four coefficients better than o'99o, there are a further ten better than o.9oo. Nb and Zr are the best of this group with a coefficient of o'972. But when graphical plots of these pairs of variables are made it emerges that many of these correlation coefficients are not lower (i.e. < o.99o ) due to random deviations from the line (as might be argued, for instance, for Nb v C1, fig. I ). The lower coefficients for many pairs of elements result from patterned, but non-linear arrays of points. Examples are depicted in fig. 3 , in which it may be seen that each computed best-fit line has been achieved by balancing a cluster of points in the middle of the array against points at the extremities. These are certainly not random patterns. The most obvious case is F v. C1, with a relatively low correlation coefficient of o.862, where a better description of the array would be an inflected line. The fact that this pattern is matched by Nb v. Zr, elements of a completely different kind, determined by a completely different method, must rule out the possibility that the arrangement is fortuitous. Fig. 3 confirms what was implicit from fig. I and the earlier discussion, namely, that Zr varies linearly with F (and Rb), that Nb varies linearly with C1 (and Yt), but between these groups of elements there is a marked inflection in the pattern of distribution. The complexity of the element covariances within these two groups, coupled with this additional complication of the relationships between the groups, rules out any rational closed-system (isochemical) evolutionary model. Such a conclusion is entirely consonant with those reached earlier on the basis of major-element variations (Macdonald et al., I97o) and comparisons of major and trace elements (Bailey, I973). Before considering alternative explanations for the chemical variations in the Eburru obsidians, the anomalously high, and seemingly erratic, zinc distribution needs comment (fig. 3) . Firstly, Zn can be determined with high precision by XRF. Secondly, the limiting Zn values in fig. 3 were checked by atomic absorption, with good agreement. Thirdly, the high levels, and the variability, of the Zn values in the Eburru samples, are not due to vagaries of sampling, sample preparation, or analytical method, because the second data set (plus signs) in fig. 3 represent comendite obsidians from the Naivasha volcanic area, just south of Eburru. These were collected, prepared, and analysed with the Eburru samples, so we are seeing a genuine Zn anomaly in the Eburru rocks. Fourthly, the broad scatter of the Zn values about the best-fit line in fig. 3 is confirmed by later results on other samples (not yet analysed for F and C1)--the impression given by this pattern is of a second-order fluctuation in Zn concentration superimposed on a main trend indicated by the line. The general form of the Zn distribution, when plotted against Zr, resembles that of Yt, Nb, and C1 against Zr, except that the general high levels of Zn are more obvious. Indeed, Zn shows its strongest correlations with Yt, Nb, and Cl, in that order (see Table I1 ) so that similar factors, either at source or during magma generation, or both, have presumably influenced all four elements, but to different degrees. At present we have no evidence to suggest possible causes of the second-order fluctuations in the Zn pattern.
As a final point it should be noted that inflected patterns similar to those among the trace elements (shown in fig. 3 ) also emerge when some major elements (and their functions) are plotted against Zr. Examples are A12Oa, TiO2, and agpaitic index (Mol(Na20 + K20)/A12Oa).
An open-system model
In our earlier paper on the major-element patterns in the range pantelleritic trachyte to pantellerite (Macdonald et al., I97O) we had to conclude that if the rocks were an evolutionary series a phase now missing from the rocks must have played a major part in the evolutionary process. The Eburru obsidians fall into the previously defined major-element patterns and the same conclusion applies. Furthermore, the traceelement patterns are now found to be incompatible with closed-system evolution. We concluded from the earlier major-element studies that if the rocks had been generated by a series of melting episodes then a separate vapour (fluid) phase had contributed Na (and possibly Si and Fe) to successive silicate liquids. Our reasons for preferring a fractional-melting model were given in that account (Macdonald et al., ~97o) : a further reason in the Eburru rocks is that the chemical variations do not seem to fit any regular pattern in the development of the volcano. It would be premature to try to elaborate this model much further until all our data are in, but some additional conclusions from the present trace-element distributions are in order.
It is clear that a simple fractional-melting model could not generate most of the observed trace-element patterns. For instance, most of the correlation lines do not pass through the origin, which would be the first requirement for 'residual' elements. In such cases, where the correlation is linear ( fig. I ) the line could be interpreted as a product of simple mixing, but the true picture must be more complex because some patterns are inflected ( fig. 3) . The most significant feature is the affinity of Zr and Rb with F, and the separate affinity of Nb, Yt, and Zn with CI: judging by the inflected variation patterns between these two groups they would seem to have some degree of independence throughout the rock series. One possibility is that the metallic elements form preferred complexes with either fluorine or chlorine, and the partitioning of these complexes between vapour (fluid) and silicate melt varies with the melting conditions (e.g. relative volumes of melt to vapour, variations in melt or vapour compositions, temperature, and pressure). We are investigating this and other possibilities by: further analyses of Eburru rocks and extracted gases; experimental determination of melting, crystallization, and volatile exsolution; and by studies of obsidian suites from other volcanoes.
Another remarkable feature of the Eburru rocks is the Rb variation, which shows no recognizable contribution from alkali feldspars in contact with the melt (yet alkali-feldspar phenocrysts are normal). If a coexisting vapour phase contributing Rb (and Zr and F) is accepted, the Rb patterns in the rocks suggest that the effect of this vapour is paramount. It is as if the melts were buffered for Rb. The fact that a key major element such as A1 gives inflected variation patterns when plotted against Zr, Rb, and F also suggests that the concentrations of these elements are controlled by some factor other than those that determine the major-element distributions in the magmas.
Finally, one general point may be made concerning F and C1 in peralkaline magmas. It is commonly argued by advocates of fractional crystallization, that the high concentrations of Zr that distinguish peralkaline from subaluminous magmas are due to the solubility of Zr in peralkaline melts, and their consequent failure to precipitate zircon during crystallization. But how, then, is it possible to account for the high concentrations of F and C1 that equally distinguish these same peralkaline melts from other oversaturated magmas ? We believe that the very high correlation of Zr and F in our samples exposes this as an artificial dilemma, and we appeal to fellow petrologists and petrochernists to critically reappraise some of the time-honoured concepts of magma evolution. 
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